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ABSTRACT
A new apparatus was constructed to fit the Impact and Crashworthiness Lab's dual actuator
custom-made loading frame that has force or position control. The strip is pre-bent into an elbow
configuration and fastened by the vertical and horizontal grips. One end of the metal strip is
subjected to a predefined constant restraining force, while the other is pulled with a constant
velocity to cause a rolling deformation over a prescribed die radius. A series of 40 tests, using
TRIP 690 steel, was performed for various combinations of die radius, magnitude of pretension,
and die/strip friction. Based on the experimental results, a deformation and failure map was
generated, showing ranges of safe forming. Depending on the interplay of different parameters,
fracture occurs either on the sidewall or on the die radius, in which case, a close examination of
the surface reveals it is slant.
Combined theoretical, experimental, and numerical analyses are presented. The present study
confirmed previous results published in the literature [1,5] that the pretension needed to fracture
a metal strip increases with die radius and tends asymptotically to a constant value. What is new
in the present investigation, however, is that this relationship has been quantified for a particular
steel of interest for automotive applications. In addition, a method was outlined to predict
fracture through finite element simulations, which was lacking in the earlier treatment of a
similar problem.
Thesis Supervisor: Tomasz Wierzbicki
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Chapter 1
Introduction
1.1 Motivation
The steel industry has responded to competition from alternative materials for lightweighting and
performance enhancements by developing new steel grades with superior product attributes to
leverage steel as the optimal automotive material. The application of advanced high strength
steel (AHSS) in car body designs offers substantial strength and weight advantages.
Interest in the automotive applications of AHSS is based on the many advantages that
such materials offer over mild steel, aluminum, and magnesium alloys. Some of these advantages
are
* Weight reductions through reduced sheet thickness
* Safety improvement through high crash resistance
* Better appearance through elevated dent resistance
* Better performance through increased fatigue strength
* Cost reduction through reduced material use due to down-gaging
* Cost savings through material cost compared to aluminum and magnesium
* Fuel economy improvement through weight reduction
Indeed, AHSS are rapidly replacing traditional deep-drawn steels for automotive and other
applications. While the strength of this class of steels is very high, exceeding 1000 MPa, its
ductility is severely compromised. This is clearly illustrated by the well-known "banana" shape
depicted in Fig. 1.1.
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Figure 1.1. Evolution of steel grades over the years.
1.2 Objectives
The advantages of automotive parts made of AHSS sheets are diminished by challenges
experienced in press shop operations. A premature failure, often prior to necking, limits the
drawing and stretch-forming processes. Fracture can occur either on the punch or die
radius, or more often, along the sidewall, as shown in Fig. 1.2. Therefore, there has been a great
deal of interest in studying specific conditions leading to premature fracture. Typically, the
approach taken by the industry is to perform a series of tests in which metal strips are drawn over
a die or punch radius with different restraining forces; see for example Shih [1]. From such tests
an empirical relationship between the normalized punch radius and the restraining force can be
drawn. Bai and Wierzbicki [2] developed a set of equations to predict onset of cracking using a
new MIT ductile fracture model. The present paper transcends this by performing a
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comprehensive set of tests on ThyssenKrupp (TK) TRIP 690 steel 1.58-mm-thick sheets and
correlating the experimental results with analytical solutions and finite element simulations. An
important element of this research was the design and construction of a special apparatus for
drawing a narrow strip of sheet metal over a prescribed die radius. This apparatus is fit into the
custom-made dual actuator loading frame acquired by the Impact and Crashworthiness Lab at
MIT.
Figure 1.2. Real world fracture of AHSS sheets during press shop operations.
1.3 Overview
This thesis comprises ten chapters discussing topics ranging from a statement of the problem as
perceived from a visit to US Steel Automotive Laboratories, characterization of the mechanical
properties of the particular AHSS TRIP 690, design work involved in conceiving the novel
fracture apparatus (henceforth referred to as the fracture-die-radius, or FDR, contraption), and
finally an investigation of the theoretical and computational studies corresponding to the
experimental program. The appendices contain the detailed design of the apparatus as well as
load-displacement plots of all tests.
Chapter 1 provides an introduction to the motivation and objectives of this thesis, as
well as a broad overview of its content.
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Chapter 2 surveys several scientific works that are relevant to the problem explored in
this thesis. Namely, Bai and Wierzbicki's work on "Predicting Fracture of AHSS Sheets on the
Punch and Die Radii and Sidewall" proposes analytical and numerical solutions for the problem
of deep-drawing a metal strip with a prescribed tensile force [1]. The present thesis seeks to
demonstrative the applicability of these solutions experimentally through the design, fabrication,
validation and fracture of TRIP 690 strips on the FDR apparatus.
Chapter 3 recounts a visit that was made to the automotive labs of one of our key
sponsors, US Steel, upon their recommendation at an AHSS workshop and consortium meeting.
The aim of the trip was to compare the FDR apparatus to its industrial equivalent and to learn
which parameters have a direct bearing on fracture location.
Chapter 4 summarizes the plastic and fracture properties of the material of choice for the
experimental program, based on comprehensive studies on this subject [1, 2, 3]. This material,
TRIP RA-K40/70 steel, which was provided to ICL by ThyssenKrupp in Germany, has
previously been fully characterized in terms of its plastic and fracture properties.
Chapter 5 chronicles the overall design intent of the FDR apparatus and the constraints
presented inherently by the size and geometry of the loading frame in the lab. Most of the parts
of the apparatus were designed for functionality and fit in the existing frame and fixtures. There
were, however, a few critical parts that required specific threshold values of stiffness and
strength. The design of each component is described separately.
Chapter 6 walks through the experimental process of the deep-drawing process over the
die. Procedures entail specimen preparation, system calibration of the Instron® dual loading
frame, pre-test preparation, the testing process as a whole, and finally data acquisition and
processing.
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The theoretical analysis relayed in Chapter 7 consists of four interrelated parts. First, an
attempt is made to predict the onset of fracture following analytical derivations presented by Bai
and Wierzbicki [1]. This is followed by a detailed description of three types of testing schemes:
(i) incremental loading, (ii) constant pretension, and (iii) loading and reverse loading. Ultimately,
analytical, experimental, and numerical results are compared in the last section.
Chapter 8 presents the results of the test program, comprising forty tests performed on
the 10-mm-wide TRIP 690 steel strips per the procedure outlined in Chapter 6. The results are
summarized in two tables distinguished by the magnitude of the radii (small indicate bending-
dominated fracture; large, tension-dominated fracture).
In order to check the accuracy of the analytical solutions, Chapter 9 captures the finite
element (FE) simulations of the drawing process. Two FE models were constructed. First, the
model with plane strain elements was developed, and then a full 3D model was built. Then a
comparison between the predictions of these two models was made. Note that the contents of this
chapter were adopted from the work of Bai and Wierzbicki [1], whose report served as an
impetus for the present thesis.
Chapter 10 concludes with a summary of the thesis and recommendations for future
work, including the evolution of the FDR apparatus based on identifiable current shortcomings.
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Chapter 2
Literature Review
2.1 Survey of Works of Related Merit
Perhaps the most relevant work and immediate inspiration for this present thesis is that of Y. Bai
and T. Wierzbicki in their paper "Predicting Fracture of AHSS Sheets on the Punch and Die
Radii and Sidewall" [1]. In it, an analytical and numerical solution is presented for the problem
of deep-drawing a metal strip with a prescribed tensile force. Moreover, a closed form solution
was derived for the global relationship between the punch force and punch displacement. All
main parameters including punch and die radii, gap, restraining force, and friction were
incorporated.
A detailed local analysis was conducted to determine the magnitude of the maximum
strains and accumulative plastic strain on the punch radius, die radius, and the sidewall. Two
cases of material behavior were considered: a rigid-perfectly plastic material and a power-
hardening material. In addition to the analytical approach, two finite element models of the deep-
drawing process were constructed with plane strain elements and 3D solid elements. Good
agreement was drawn between analytical and numerical solutions.
Furthermore, the Mohr-Coulomb criterion, which was previously shown by Bai and
Wierzbicki to describe sheet metal ductile fracture, was chosen for the FE simulation. The
advantage of this model is that it involves only two free parameters, which can be ascertained by
two different tests. By a suitable choice of the mechanical and geometrical parameters of the
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process, three major fracture modes-at the die radius, sidewall, and punch radius-observed in
the tests were reproduced realistically.
The analytical solution was used to predict fracture in the actual steel strips, made of
material DP600, recently performed on a modified Duncan-Shabel apparatus. Utilizing the local
stress and strain analysis, good qualitative and quantitative agreement was achieved with the
experimentally measured dependence of sidewall stress at fracture on the normalized punch
radius.
The present thesis seeks to demonstrate the applicability of this methodology to another
representative of the AHSS family, namely TRIP 690, through the design, fabrication, validation,
and fracture of strips on the unique FDR apparatus.
Industry interest in deep drawing fracture of AHSS is emphasized by recent presentations
at the SAE 2009 World Congress. Namely, Zeng et al. examined the "Development of Shear
Fracture Criterion for Dual-Phase Steel Stamping" [14]. The Great Designs in Steel Workshop
held on 13 May 2009 in Livonia, MI, also featured similar publications [5,13]. For example,
engineering research scientists at US Steel Automotive Center authored an "Experimental Study
on Shear Fracture of Advanced High Strength Steels" [5]. In this study, a laboratory stretch-
forming simulator (SFS) was used to simulate the stretch bending of AHSS in stamping to
develop a possible failure criterion for
use in computer simulations. The SFS Clamp
simulated the stamping process when Actuator
sheet metal is drawn over a die radius
Upptr Die-
with tension applied. Various sizes of
die radius were used during the
'igure 2.1. Stretch-forming simulator.
24
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experiment, and the shear fracture phenomenon was recreated using this test for a given material,
including TRIP780, and gauge. It was found that shear fracture depends not only on the radius-
to-thickness ratio but also on the tension/stretch level applied to the sheet. The experimental data
show that a critical radius-to-thickness ratio for shear fracture exists for any given material and
gauge, but this ratio is not unique and it hinges upon the amount of tension imposed during
bending. The higher grade AHSS tend to have a shear fracture transition zone at a higher R/t.
The transition from shear fracture to tensile type failure is very sensitive to the restraining
condition or the tension level applied during the bending.
In considering the theoretical predictions of the onset of fracture, Bai and Wierzbicki's
"Application of Extended Mohr-Coulomb Criterion to Ductile Fracture" was particularly
indispensable [2]. The local form of the Mohr-Coulomb (M-C) criterion is transformed and
extended to the spherical coordinate system, where the axes are the equivalent strain to fracture
-f, the stress triaxiality q, and the normalized Lode angle parameter . For a proportional
loading, the fracture surface is shown to be an asymmetric function of . A detailed parametric
study is performed to demonstrate the effect of model parameters on the fracture locus. It was
found that the M-C fracture locus predicts almost exactly the exponential decay of the material
ductility with stress triaxiality, which is an accord with the theoretical analysis performed by
Rice and Tracey (1969) and the empirical equation of Hancock and Mackenzie (1976) and
Johnson and Cook (1985). The M-C criterion also predicts a form of Lode angle dependence
which is close to parabolic. Test results of two materials, one of which is TRIP RA-K40/70, are
used to calibrate and validate the proposed M-C fracture model.
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Chapter 3
Statement of the Problem and Industrial Experience As Perceived
From a Visit to US Steel
A visit was made to the automotive labs of one of our key sponsors, US Steel, upon their
recommendation at our October 2008 consortium meeting. The objective of the trip was to
compare the FDR apparatus to its industrial equivalent and to learn which parameters have a
direct bearing on fracture location. This trip was extremely invaluable and refreshed the outlook
on our work. The details are recounted herein.
3.1 Introduction of AHSS
First, US Steel's Manager of Technical Marketing, Mr. Bart DePompolo, presented a
comprehensive overview of the applications of AHSS and their integration into mainstream car
bodies. The steel industry has responded to competition from alternative materials for
lightweighting and performance enhancements by developing new grades of steel that exhibit
superior attributes in order to leverage steel as the optimal automotive material. New
technologies such as continuous casting and thermomechanical processing have catalyzed the
development of several new steel grades. High-strength low-alloy (HSLA) steels achieve their
good combination of formability and weldability via microalloying. AHSS such as dual-phase
(DP), complex-phase (CP), and transformation-induced plasticity (TRIP) steels show superior
strength compared to HSLA grades with the same formability. The AHSS derive their
exceptional mechanical and forming properties from their final microconstituents (ferrite,
bainite, martensite, and retained austenite). For example, in DP the martensite fosters high
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strength while the ferrite ensures ductility. Automotive engineers are specifying increased
amounts of AHSS to achieve greater strength without a corresponding increase in weight (it
should be noted that for every 10% reduction of weight in car bodies, a concomitant 8% increase
in fuel efficiency is brought about). AHSS offers many advantages over mild steel, aluminum,
and magnesium alloys:
* Weight reductions through reduced sheet thickness
* Safety enhancement through high crash resistance
* Better appearance elevated dent resistance
* Better performance through increased fatigue strength
* Cost reduction through reduced material use due to down-gaging
* Cost savings through material cost compared to that of aluminum and magnesium
* Fuel economy improvement through weight reduction
In North America, there is limited use of AHSS-it exists only in hang on parts, but not
on the body in white (BIW)-the car body sheet metal assembly including doors, hoods, and
deck lids-or the suspension. However, in Japan and Europe, AHSS is emerging in BIW
applications. Within the next four years, AHSS is predicted to expand into more BIW structurals
and suspension parts.
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3.2 AHSS Mechanical Properties
Mr. DePompolo proceeded to describe and characterize AHSS in metallurgical detail. AHSS
have yield strengths >550 MPa (>80 ksi), as exhibited by the banana-shaped plot depicted in Fig.
3.1. Dual phase steels consist of a soft ferritic matrix and 20-70 vol% martensite. The volume
fraction of martensite dictates the steel strength level. A carbon content of <0.1 wt% fosters good
spot weldability. DP steel is solute-strengthened by Mn, Si, and P, while Cr, Mo, V, and Ni
provide hardenability. Unique to DP is its high work hardening rate, engendered by a continuous
ferritic phase which promotes ductility, and a martensitic phase that does not easily deform,
forcing strain to the ferritic phase and thereby increasing the work hardening rate. DP steels are
designed to provide ultimate tensile strengths of 600-1000 MPa (87-145 ksi).
70
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Figure 3.1. Strength and cuctility of AHSS grades.
TRIP steels consist of a ferrite/bainite matrix with 5-20 vol% of metastable retained
austenite, which progressively transforms to martensite during plastic deformation. TRIP is
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characterized by strain hardening rates higher than those of DP steels, high tensile strengths, and
good ductility. Higher strain hardening rates lead to improved formability, while the austenite to
martensite transformation leads to microstructural volume and shape changes that can allow for
strain and higher ductility. The transformation is responsible for higher strengths and strains
beyond those of DP steels. TRIP steels are attractive candidate materials for lightweight
applications because of their excellent formability and high strength. Moreover, the fast
martensite transformation which occurs even at high deformation rates (prime vehicle crash
conditions) maximizes crash energy absorption.
CP steels consist of a very fine microstructure of ferrite and a higher volume fraction of
hard phases that are further strengthened by fine precipitates. They are similar to DP and TRIP
steels in alloy constituency but contain small quantities of Nb, Ti, and V as well. CP has ultimate
tensile strength upper of 800 MPa (116 ksi). They are ideal candidates for automotive crash
applications such as bumper and B-pillar reinforcements because of their high deformability and
high energy absorption.
Martensitic grades of AHSS consist of 95 vol% low-carbon martensite, where the carbon
content determines the strength level of the material. Martensitic steels are often subjected to
postquench tempering to improve ductility and can provide good formability even at extremely
high ultimate tensile strengths of up to 1500 MPa (217 ksi). Carbon, and sometimes other
elements like Mn, Si, Cr, Mb, B, V, and Ni, are added to increase hardenability.
Application considerations for AHSS sheets include outer panels (dent resistance), and
structural components (both static and dynamic). Outer-body panels must provide high dent
resistance, which is measured by P0., = Acrytm', where
* P0, is the load to cause a reversible 0.1-mm-deep indentation,
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* A is the panel stiffness constant determined by geometry,
* o is the yield stress after 2% strain and bake,
* t is the as-is panel thickness, and
* m ranges between 2.0 and 2.4, depending on the panel stiffness.
DP steel's higher in-panel yield strength maintains dent resistance even as the sheet is down-
gaged for lightweighting. In structural (static) applications, design constraints include elastic
stiffness (bending and torsion) which are controlled by elastic modulus, section thickness, and
section shape. Working stress is another constraint, which hinges on section thickness, section
shape, and yield strength. Enter DP steel, which is unique in its high work hardening rate, which
elicits better formability for more complicated shapes; moreover, its high yield strength and
lighter gage than conventional high strength steel (HSS) make it the best fit for in-panel
applications. AHSS performs well in static structural applications because (1) its excellent
formability facilitates higher strength in complicated stampings that would preclude HSS and (2)
its excellent work hardening and bake hardening provide much higher in-part strength and
greater weight reduction potential than HSS.
In dynamic structural considerations, AHSS is also very instrumental because of its
capacity to absorb crash energy (which is measured by the area under the engineering stress-
strain curve at 10% strain and 100 s-1 strain rate) (Fig. 3.2). AHSS also offers stable axial
collapse (compact behavior, compact folding) involving greater volume of material in
deformation, which in turn absorbs more crash energy for constant collapse distance (Fig. 3.3).
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Figure 3.2. AHSS' high crash energy absorption capacity.
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Figure 3.3. AHSS (represented here by DP) has higher crash energy absorption than HSS
(here, HSLA).
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The table below summarizes the components where AHSS would make an excellent fit because
of its material behavior:
Table 3.1. AHSS components on a car bodyCO oetEetDeformation Mode Preferred Material Behavior
-Longitudinal rails (front -Progressive axial crush - Low YS for low peak load
impact) 
-High work hardening for
-Cross members (side impact) energy absorption
AHSS does well in dynamic structural applications because its high work hardening rate makes
for greater energy absorption for fixed crush distance.
AHSS performs akin to HSS in deep drawing applications because of its low r value (r is
called the Lankford parameter and is a measure of anisotropy; r varies between 0 and 1).
However, its higher overall n value and initial work hardening rate, which distributes the strain
more uniformly, leverages it over HSS in stretch forming applications. Ultimately, the lower
strength grades of AHSS are ideal for front and rear rails and engine cradles because the lower
yield strengths enable low initial crash load but high work hardening for energy absorption.
Higher strength grades are reserved for safety cage components (pillars, rockers, roof rails, and
cross members) in order to minimize passenger compartment intrusion and to maximize energy
absorption.
3.3 AHSS Mechanical Testing
Following Mr. DePompolo's thorough overview of AHSS and its applicability in today's
automotive world, Dr. Michael Shih, who is Senior Applications Researcher in Advanced
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Applications Technology, presented his own work on stretch forming simulation (SFS) and
bending under tension (BUT). Three types of fracture exist for the BUT test:
* Shear fracture, occurring within the radius of the specimen which is wrapped around the
die
* Necking mixed fracture at the tangent leaving the radius
* Tensile-type fracture at the sidewall (FLD capable of predicting this)
Forming limit diagrams are valid only for pure tensile tests-thus, we cannot use them to predict
shear fracture. Dr. Shih performs these BUT tests using the Interlaken 90 Degree Bend Tester,
which pulls a piece of metal over an interchangeable draw bead radius, ranging from 1.5 mm, 3
mm, 4.75 mm, to 14 mm (see Fig. 3.4). There are two linear actuators positioned 90 degrees
from each other with the bead roller located at the intersection of the two actuators. The bead
roller is held fixed or controlled to rotate at a defined rate by utilizing a rotary hydraulic torque
motor. This machine retails for $230,000 from Interlaken Technology Corporation, in addition to
the mechanical grips acquired from Griff Grips (www.griffgrips.com).
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An integral component to the formability lab
is the Inter aken 90 Degree Bend Tester. The
bend tester pulls a piece of metal over an
interchangeable draw bead radius. The
drawbeads can be free rolling or fixed and can
be heated to 400oC. The bend tester is able
to run samples up to 50 mm wide and has a
travel of 254 mm at forces up to 5000 kg.
t it ri the first time
with teafig equipment from Interaken. Interlaken
Technology Qorporation
Figure 3.4. Interlaken 90 Degree Bend Test Systems for evaluating sample spring back and
draw bead properties.
The AHSS sheet specimens are always 25.4 mm (1 in) wide with thickness ranging from
1 mm to 1.5 mm. Thin specimens are preferred because they are more formable and exhibit less
spring back than their thicker counterparts. Dr. Shih runs the tests at a minimum restraining force
of 100% of the yield tension Ty, which is kept constant throughout the entire test, even if fracture
PERCEIVED FROM VISIT TO VISIT US STEEL
0
0
8
CHAPTER 3. STATEMENT OF THE PROBLEM AND INDUSTRIAL EXPERIENCE AS
PERCEIVED FROM VISIT TO VISIT US STEEL
is not achieved. The pulling speed is fixed in the other actuator at one of four speeds: 0.2 in/s, 1
in/s, 2 in/s, or 2.5 in/s (30.48 mm/min, 152.4 mm/min, 304.8 mm/min, and 381 mm/min,
respectively). Empirically, Dr. Shih has found that for a given material, the failure location
depends upon the R/t ratio and the tension applied to the bending; the failure mode can be
gradually transformed from shear fracture in the radius to tensile necking failure in the sidewall
with increasing R/t and/or pretension level (see Fig. 3.5). In particular, for DP 780, R/t-1.5 and
t=1 mm, sidewall fracture occurred for a pretension magnitude between 552 and 690 MPa (80-
100 ksi); beyond 690 MPa, shear fracture resulted. The critical transition pressure is 679 MPa
(98.5 ksi), for which necking mixed fracture ensues. Intuitively, as the pulling speed increases,
the requisite restraining load for fracture decreases. Friction is also a key determinant of fracture
load and location-a higher coefficient of friction required a higher pulling load. At low pulling
speeds (a static condition), friction is critical, but for the higher kinematic state, friction no
longer dominates the scene. This is why inserting a small piece of Teflon between die and
- 5-OXK-1.4mm - X-- Trip780-1mm
D~ POOC- 1.4, m Q~ DP980-1lmm
-- DP780 mm
gO i i ..., i8 ( ------ ...........  ....... . ..... ..... i ............ ! .
-----------.. .  .. "- . ...--. . . .- ............ -------------" ...50 -...----.............. ............  
4DO ..... ! .... ........  . .. .. .......... -300 *3700
0 2 4 8 8 10 12
Rfr
Figure 3.5. The transition from failure in the radius or along the
sidewall is dictated by increasing R/t and/or restraining force.
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specimen accelerated the fracture, which happened on the radius. Without a lubricant, fracture
was invariably along the sidewall.
In sum, shear fracture depends not only on the R/t ratio but also on the pretension level
applied during bending (Bai et al). A critical R/t ratio exists above which shear fracture will not
occur regardless of the tension level. However, parts can be formed successfully below this
critical ratio if the tension level is small enough. Finally, the transition from shear fracture to
tensile type failure is very sensitive to the restraining condition or the tension level applied
during the bending.
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Chapter 4
Characterization of Plastic and Fracture Properties of TRIP 690
It was decided to perform the present study of deep-drawing fracture on an example of the TRIP
RA-K40/70 steel sheet, provided to ICL by ThyssenKrupp in Germany. This material has
previously been fully characterized in terms of its plastic and fracture properties. Here a short
summary will be given on plastic and fracture properties of this material based on comprehensive
studies on this subject [1, 2, 3].
4.1 Anisotropy and Hardening Curve
Plastic properties of the TRIP steel were acquired from tensile tests of standard ASTM dogbone
specimens cut at 0, 45, and 90 degrees from the rolling direction, Fig. 4.1 a. A comparison of
respective load-displacement curves is shown in Fig. 4. lb.
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b)
Dh~c 10-
Dogbone specimen, Trip steel
8 gauge length= 70 mm
0 Experiment, 90 deg
6L Experiment, 45 degF Experiment, 00 deg
4- -0-Simulation w/o fracture
2-
0 5 10 15 20 25
Displacement (mm)
Figure 4.1. (a) Dogbone specimens cut at 0, 45, and 90 degrees relative to the rolling
direction. (b) Force-displacement curves in three orientations.
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There is very little directional dependence in the force-displacement curve, but this does not
necessarily mean that the sheet is isotropic. A more exact way of characterizing anisotropy of
sheets is to measure the so-called Lankford parameter, which is the ratio of the strain in the width
direction d82 to the strain in the through-thickness direction dE3:
de2r=- (4.1).
de3
From the plastic incompressibility condition, de 3 = -(d,6 + dC2) so that the Lankford parameter
can be uniquely determined from the measurements of in-plane strains. The strains were
measured by means of the Digital Image Correlation (DIC) technique, and the results are shown
in Fig. 4.2. The average values of Lankford parameter are ro = 0.79, r4 5 = 0.97, and r90 = 1.02.
r-....r - ,S +......... ... "  .... -....
E2 .. .... ii
o::z +,.o+o,,+,.: .....+';. ...... +  ..  .. . ..... .
0= 0oP+ .++d+t'T { dtf_
1..
: t2 0 , + + .... . -+.P" - ...... , .................- ... ...........
0=450 0=90o
Figure 4.2. DIC image of speckles to measure principal in-plane strains, and the evolution
of the Lankford parameter for different orientations.
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It is seen that the sheet exhibited considerable planar anisotropy so that Hill '48 anistropic yield
condition or other more advanced models should be used. The hardening curve obtained from
tensile tests of specimens extracted from the rolling direction is shown in Fig. 4.3. The true
stress-true strain relation for the other two directions is very similar, and therefore, the one
corresponding to the rolling direction will be used in the simulation.
I
SCurve fitting
- Experiment
0.4 0.6
True strain
0.8
-= A(Fr +(
A =1275.9MPa
N= 0-2655
Y= 0-02
Figure 4.3. True stress-true strain curve for TK TRIP 690 and its power law fit.
The measured true stress-true strain curve can be approximated well by the following power law:
= A(.p)" (4.2),
where A = 1275.9 MPa and n = 0.2655.
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4.2 Fracture
The complete representation of the fracture theory, together with the calibration procedure, was
presented in a number of ICL reports and journal publications [2, 3, 4]. Therefore, for the
purpose of this thesis, only the final result is given herein. It is postulated that the material
fracture is controlled by the evolution process of the damage functional D, defined by
D de
D = - (4.3),
where - is the work conjugate equivalent strain corresponding to the assumed anisotropic yield
condition, 7 is the stress triaxiality, 0 is the dimensionless Lode angle parameter, and E(q, 9) is
the so-called fracture envelope to be defined below. The above equation says that a given
increment of the equivalent strain dT contributes to the damage accumulation in a different way
depending on the current value of the normalized function (q, 9). It is conjectured that fracture
is initiated when D= 1, and the corresponding equivalent strain is called the fracture strain T . In
this thesis, the concept of a modified Mohr-Coulomb criterion will be utilized and the final
expression for the fracture envelope, derived for example in reference [2], is
f c + (1-c3 )sec [ -1 COS +Cl + sin s 7 (4.4)E'f = AC3rc 2  3 2- -c3 6sc ;-/l c s-- 6 -l ]-3 6Y )
There are three constants in the above expression, c1, c2, and c3 , which should be determined
from suitable calibration tests. Bai and Wierzbicki found that for the ThyssenKrupp TRIP 690
steel, the values of the above parameters are cl = 0.12, c2 = 720 MPa, and c3 = 1.095.
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Of particular interest in the present study is the limiting case of plane stress, o3 = 0. It
was shown by Liang and Wierzbicki that the above condition imposes a unique relationship
between the stress triaxiality and the Lode angle parameters:
27 21 . r27q(q2 1) = sin(- ) (4.5).
2 3 2
In this case, the fracture envelope can be represented as a function of one variable only, which
for example could be the triaxiality parameter q.
l 2
.f (17, 0)_ A A 1+C12 .fl -C1 77+ A(4.6),
where
f =cos Iarcsin - /q(q2 _1
f2 =sinarcsi n 27C i (q - 2 _ )
_ 
1
2-Vs f,
Equation 5.6 is plotted in Fig. 5.4 (solid line). In the present problem of rolling of a strip over the
die radius, the state of strain is approximately plane. This gives rise to another limiting case of
the general fracture envelope and is given by the following equation:
I 1
AC +C2 n
- AC 3  + C,f (7Q0) { +C C (4.7).
The representation of equation 4.7 is shown in 4.4 (dashed line). One can argue that theoretically
the state of stress in the strip is plane, and simultaneously the state of strain is also plane. This
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condition corresponds to the tangency points between plane stress and plane strain fracture
envelopes. The fracture envelope reduces then to three distinct points: plane-strain compression,
plane-strain tension, and shear (or torsion) (see Fig. 4.4). At plane-strain compression,
q= -0.577 and the corresponding fracture strain is -s = 1.023. For plane-strain tension,
q = 0.577, which gives the lower value of the fracture strain -= 0.415. Those values will be
utilized in Chapter 8, when theoretical predictions are made of the onset of fracture.
2.5
-Plane Stress
.i 2 .. . --Plane Strain,..
0 , . . . . . . . ....... . .. .. ........... ........ . .... ..1.5
Plane Strain
compression
shear Plane Strain -
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0 * * *
-0.5 0 0.5 1
Triaxiality
Figure 4.4. Plane stress and plane strain (lower bound) fracture loci for sheets.
In reality, the state of stress and strain may depart slightly from plane conditions so that in
subsequent numerical simulations, a general fracture envelope will be used. This completes a
short overview of the present fracture theory.
Chapter 5
Design of New Apparatus of Drawing Sheet through Die Radius
5.1 Introduction to Overall Design Intent
The intent was to construct an apparatus that could be mounted onto our custom-made Instron®
loading frame that has force and position control hydraulic actuators (see Fig. 5.1). This sets up
the overall dimensions of the new apparatus, because it
will have to fit in between the vertical columns of the
Instron® frame and should be attached to the sliding
table and vertical actuator. Note that the horizontal
actuator is angled at 20 degrees with respect to the plane
S of symmetry of the apparatus (Fig. 5.2). This loss of
symmetry posed by itself a challenge for the design
process. Most of the parts of the apparatus were
designed for functionality and fit in the existing frame
and fixtures. There were, however, a few critical parts
that required specific threshold values of stiffness and
strength. These parts include the (1) horizontal grips, (2)
pins that represent the die radii, and (3) the beam
connecting the horizontal grips with the translational
Figure 5.1. Instron custom-made table. Detailed calculations were performed on those
hydraulic testing frame with dual
actuators. critical components, and they will be presented in
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subsequent subsections. There are many components in the apparatus, and the design of each
component will be described separately (refer to Fig. 5.3 in order to identify those components).
Figure 5.2. Position of the horizontal actuator with
respect to the plane of the vertical crossbars.
Frictionless
rotational
bearings
Die
Horizontal
actuator
Horizontal
load cell
Horizontal
grip
Vertical
actuator
50-kN
load cell
Vertical
grip
SCross
member
"KShear web
.Translational
bearing
Figure 5.3. Identification of various components of the prototype apparatus.
CHAPTER 5. DESIGN OF NEW APPARATUS OF DRAWING SHEET OVER DIERADIUS
5.2 Assembly Components
5.2.1 Square Structural Tubes
Studying the assembly of the loading frame, it was found that the crossbars could be used as
backbones for holding up the apparatus, which is exactly the
approach opted for. The design revolves around two steel
square structural tubes that extend between the two crossbars,
Sand they are harnessed by aluminum collars that hug the
crossbars. To ensure maximum stiffness, it was decided to use
two square box-sections rather than open sections such as
Figure 5.4. Cross-section of prismatic channels or flat bars (see Fig. 5.4). The stiffness of
square box tubes. these hollow tubes had to be checked according to the
maximum deflection arising from a point load applied at the midpoint. The tubes were modeled
as simply-supported beams with maximum deflection of
FL3
W = E(5.1).Wa 48E
Therefore, for a load capacity of F = 25 kN, a length of L = 914.4 mm,
an elastic modulus of E = 210 GPa, and a second moment of area
I= 12(b -b) ,then Wmx =0.212 mm. One ofthe main challenges to
12
overcome was mounting the apparatus easily onto the Instron® with as
little assembly as possible. As the tubes were designed to sandwich the
crossbars and therefore are longer, one of the tubes had to be machined
and chamfered in order to slide past the crossbars without interference
Figure 5.5. Facilitating the
slide past the crossbar.
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(see Fig 5.5). The tubes are connected by two inner collars which are designed to rest atop inch-
thick rings encircling the crossbars. Once the main body of the apparatus is set up on the
Instron®, then mating collar ends are fastened to their counterparts, thereby hugging the
crossbars. Slots were machined into the sides of the square tubes in order to create access to the
bolts. The slots are positioned at the end of the box beams where the bending moment is very
small.
Collar
Figure 5.6. Square-tubed cross members.
5.2.2 Die and Bearing Fixtures
Bolted to the underside of the tubes is a "shear web" which connects them and permits the
attachment of a steel spacer and the mounted frictionless bearings (base-mount radial load
bearings, acquired from McMaster-Carr) that house the die. The entity of spacer and bearings is
removable in order to accommodate varying die radii. This is because as the die radius changes,
misalignment between the strip of metal wrapped around the die and the vertical and horizontal
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actuator ensues. Therefore, it is essential to compensate for this change in height by varying the
spacer thickness. Specifically, as the die radius decreases (by 5 mm), the spacer thickness must
increase (by 5 mm). A crude representation is included here for illustrative
.........................................................     .... 
Figure 5.7. The vertical and horizontal relocation of the bearing due to die diameter can be
adjusted through the sizing of the spacer. With a smaller die, the spacer would get thicker,
and the bearing housing would move to the right relative to the die.
purposes. The bearings also have a slightly different position relative to the spacer edges in order
to maintain said alignment. An example with a die radius resized from 20 mm to 5 mm is
illustrated below. The original apparatus was designed with the objective of accommodating dies
of 5-, 10-, 15-, and 20-mm radius.
-D ie radius, R = 20 mm
ie radius, R = 20 mm
Spacer thickness = 10 mm
Die radius, R = 5 mm
Spacer thickness = 25 m
Figure 5.8. Spacer and bearing fixtures.
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5.2.3 Shaft (Die Radius) without Friction
Calculations on shear stress were performed. The geometry is a simple shaft of diameter 2R and
an effective length L between the clamped regions. A concentrated point load F representing the
force pulling the metal strip over the shaft is applied at the center of L.
F
2F4
L
Shear stress is equal to half of the total force divided by the circular cross section:
FF = (5.2),2A
where F is the load capacity of the load cell and A is the cross-sectional area computed according
to A = KR 2 . For yield stress in shear,
~(5.3).
R can be isolated thus:
(~~ FR= (5.4).
A maximum value of the force Fmax = 25 kN and a yield stress for the pin material
ofO-y = 290 MPa 1 are used. For the above values, the critical radius of the pin is Rri, = 4.87 mm
The conclusion is, from the point of view of strength, any radius greater than Rcrit could be used
for the pin. It was decided that for this ball-bearing configuration, one could use the following
values for the pin radius: R = 5, 10, 15, and 20 mm.
1 Yield strength of stainless steel type 316, according to McMaster-Carr.
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In addition to the strength criteria, the design was checked for stiffness. Assuming that
the loading is concentrated at the mid-span of the shaft and the beam is fully clamped at both
ends without axial constraint, the maximum deflection w0 of the shaft is
FL3
= 192EI (5.5),
where F is the load capacity of the actuator,
L is the length of the shaft,
E is the material's elastic modulus, and
I is the second moment of inertia, which for a
KR 4
cylinder is R
4
4
Using the above values and L = 20 mm, the deflection for the thinnest shaft where R = 5 mm
isw0 = 0.010 mm.
The maximum bending stress of a clamped-clamped shaft can be determined as follows:
MzA---- (5.6),
PL
where M = Mma = and z is the distance from the neutral axis to the outermost fibers of the
shaft (z = R). Thus,
2PL
3rR3 (5.7).
Substituting values corresponding to a 20-mm-long shaft of radius R = 5 mm and the maximum
capacity of the load cell P = 10 kN, the maximum bending stress is crb = 340 MPa, which is
below the yield stress.
The plastic load-carrying capacity of the shaft can be calculated by assuming four plastic
hinges according to the principal of virtual work:
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PWk0 = 4Mol (5.8),
where W o = -9 and Mo is the fully plastic bending moment of the cross-section.2
MOne can solve for the maximum collapse load, P,, as P = 8 . For a circular cross-section of a
L
beam, the fully plastic bending moment of a circular cross-section can be analytically derived
according to M = 4ry zdA, where z = r sin 0 anddA = rd0dr :
AR 4
M= 4ay J r2 sin9drdO = 4 R
00
32 R 3
Thus, P = 32R o . Using the aforementioned
3 L
values, Pcr = 27.8 kN, which is much larger than the
applied vertical 10-kN force.
Figure 5.9. Polar coordinates
reference frame.
Figure 5.10. Bearing and die fixture.
(5.9).
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5.2.4 Overall Assembly of Prototype I
We also had to construct grips to fasten the strip ends. The horizontal grip is an assembly of a
baseplate and mating cover that together are bolted onto the translational bearing table. The
vertical grip, which threads into the actuator, is basically a pair of parallel clamps. Several
criteria had to be checked to ascertain the structural integrity and strength requirements of the
grips, including bending stiffness (i.e., the grips do not yield) and maximum deflection. A few
images of the computer-generated original design as well as the actual set up are included below
(Fig. 5.11). More can be found in the appendix.
Design Instron crossbars Sa
Square
structural
tubes
Collars
Bottom
view 20.
Figure 5.20*. Overall assembly of Prototype I.
Figure 5.11. Overall assembly of Prototype 1.
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Specimen
Shear web (fixed) Thickness t
Design Width b Die Radius F
........ ...............................
...................... ....... 4....
Horizontal grip Spacer and
mounted bearings
(removable)
Figure 5.12. Overall assembly of Prototype I.
Note that the original specimen dimensions of the sheet metal are 10 mm in width and
1.58 mm in thickness. The length of these specimens is as received at 500 mm. For the first
prototype of the FDR apparatus, the load cell had a capacity of 10 kN. This steel was tested in
the lab and the true stress-strain curve is shown in Fig. 5.13. The maximum yield tension for the
strip geometric dimensions is Ty = crbt = 7.135 kN.
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True strain
5.2.5 Die Radius with Friction
A second prototype of the FDR apparatus was introduced in order to accommodate higher
restraining forces (beyond 10 kN) and smaller die radii. After the preliminary run of tests, it was
found that conditions conducive to fracture were a low radius-to-thickness (specimen thickness)
ratio on the order of unity, and large forces. The smallest shaft originally machined for the
apparatus was 5 mm in radius; however, once the force was applied and the test run, the die
plastically deformed, nullifying the data. A more rigid fixture would have to be created to
achieve smaller die radii that could resist the high forces without any distortion. Therefore, a
solid mass of steel block with different radii machined on its edges was constructed. The values
of the eight radii are 1, 2, 3, 4, 5, 10, 15, and 20 mm. This solid cube can be fastened via
threaded screws into a spacer, which in turn attaches to the shear web. In this manner, it is
relatively facile to reorient the cube if a different radius is desired.
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Figure 5.14. Solid block of steel with different radii machined on its edges.
Figure 5.15. Solid block as a part of the whole apparatus.
5.2.6 Horizontal Grips with Connecting Eccentric Beam
A new 50-kN Instron load cell was acquired to increase the capacity of the vertical actuator. New
grips for the horizontal actuator were designed for fitting and strength purposes, as more force
would be delivered to the specimen. With 50 kN (that is, 25 kN per actuator), the specimen
geometry was modified to be 30-mm-wide, which still did not exceed the 25 kN limit:
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T, = oa,bt = 21.405 kN . A check of the bending stiffness of the horizontal grips to resist a
moment produced by 25 kN is reproduced here (Eq. 5.6):
Mz
where Mis the bending moment,
z is distance from the neutral axis to the point of application of the force, and
I is the second moment of inertia, which depends on the dimensions b and h of the cross-
section (see Fig. 5.16 below).
M = Fr = (25 kN)(22.5 mm) = 562.5 Nm
h 25.4
z = h= = 12.7 mm
2 2
I= -bh' = 12 (40)(25.4) 3 = 54.6.-10 -9 m4
Thus, 0 b = Mz = 131 MPa. As aluminum has a yield strength of c= 414 MPa
2
and an ultimate
tensile strength of us =469 MPa 2, the grips could be safely fashioned from this metal without
fear of plastic deformation.
Figure 5.16. Illustration of horizontal grip assembly with force applied to metal strip.
2 Material properties for Al 2014-T6 (Hibbeler, R.C. Mechanics ofMaterials. 6e. New Jersey: Pearson, 2005).
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The maximum deflection was also computed, considering an eccentricity e. The bar on which the
grips are screwed is modeled as a solid column with an eccentric axial load F. The equation of
the deflection curve is
v= -e(tan sin kx + cos kx-1) (5.10),
and a maximum deflection occurs for x = L/2:
v= -e(tan sin kx + cos kx- 1) x = e(sec-l1) 3  (5.11),
where
k = -- P (5.12)
E Pc,"Lc2  L r
and
7[ 2 El
Ier - v l -- (5.13).
Therefore, the maximum deflection is
5 = e sec -1 (5.14).
If L is the horizontal distance between the point of application of the force and the bolt about
which the bar upends, thenL = 63.20 mm. The elastic modulus E is E = 70 GPa for aluminum.
Also, k = 2 for a fixed-free column. As a result, Pr = 2362 kN. For an eccentricity e of 35.2 mm
and a load P of 25 kN, the maximum elastic deflection becomes 9 = 0.465 mm, which is
extremely small. Aluminum was thus a safe material choice from which to machine the
horizontal grips, since strength and stiffness thresholds were met.
3 Gere, James M., Goodno, Barry J. Mechanics of Materials. 7e. Toronto, Canada: Cengage Learning, 2009.
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5.2.7 Overall Assembly of Prototype II
The apparatus functions in the following way: the steel specimen
is wrapped around the die which is held in place by the Restraining
force T
frictionless bearings. The vertical actuator provides a particular ,,--- .- ,
constant restraining force T, while the horizontal actuator pulls i
Die radius,'R
the steel sheet at a specified speed vo. If fracture does not occur, ',,
Actuator
the specimen is brought to a steady state, after which the speed vo --
magnitude of the restraining force is upped to a subsequent level Figure 5.17. Simplified
illustration of bending test
(these levels are in 5% or 10% increments). This process is over steel die.
repeated until fracture transpires. Full detail of the testing process will be presented in the
chapter on Experimental Procedures. Pictures of the Prototype II are depicted below.
Die block
Horizontal grips
Figure 5.18. CAD rendering of Prototype II,
which involves friction between die block and metal strip.
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(a)
(b)
Figure 5.19. Photos of Prototype II.
Chapter 6
Experimental Procedures
6.1 Specimen Preparation
The supplier of the TRIP 690T steel used for the experiments recounted in this thesis was
ThyssenKrupp Steel AG of Duisburg, Germany. The steelgrade is RA-K 40/70, which refers to
steel with composition of retained austenite (RA). The RA is transformed into martensite during
forming, which allows for large elongations at high strengths. RA steels are characterized by
high work hardening and high energy absorption capacity under dynamic loads.
ThyssenKrupp (TK) sends ICL the steel in sheets 300 mm wide x 500 mm long. The
thickness of the sheets is 1.58 mm. These sheets are then sent to the MIT machine shop to be
shear pressed and subsequently machined into strips of 10 mm +0.10 mm wide by 500 mm long.
One sheet can usually yield about 27 strips.
Finally, these plane strips must be pre-bent in such a way as to facilitate wrapping them
around the die fixture in the FDR apparatus. They are taken to the Edgerton machine shop, where
an edge bender introduces a radius later measured to be about 4 mm. Any initial slack or lack of
conformity of the metal strip with the die is later resolved by applying a pretension to the strip
once it is loaded in the hydraulic testing frame.
6.2 System Calibration
The Instron is powered by the 8800 tower, which is launched via the RS Console. The vertical
position of the frame can be adjusted by unclamping the knob on the machine and subsequently
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raising and lowering the frame, followed by re-clamping. The 50-kN load cell must be calibrated
and installed while the machine is turned off. Calibration is loaded from a file and is locked, not
saved. The vertical actuator was force-controlled throughout the vast majority of the testing
program. As such, it acts as an absolute ramp, and an end point specifying the final load is input.
The horizontal actuator served as a relative ramp, given its displacement control, and a velocity
can be set in units of mm/min.
Data acquisition is performed through DAX. The sample rate is chosen to be 10 Hz. For
most of the tests, data are recorded beginning after the prescribed pretension is achieved. In the
last batch of experiments, data are recorded from the commencement of ramping up the vertical
actuator to the specified pretension. Data collected includes time, and position and force of
horizontal and vertical actuators.
6.3 Pre-test Preparation
Various items were checked before a specimen was tested. It was critical that the collars hugging
the Instron poles were torqued to 60 N-m in order to prevent any movement of the apparatus
vertically as the test is carried out. Second, the metal strip specimen was carefully centered with
respect to both horizontal and vertical grips. This centering coincides with auxiliary lines going
through the axis of symmetry of each actuator. Finally, the specimen was marked in red on the
center of the outer radius in order to track the travel of the specimen once the test commenced
and observe the location of fracture relative to the initial starting point of the radius on the strip.
Consequently, fracture could be identified as either on the radius or on the sidewall.
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Figure 6.1. Alignment of the metal strip with the centers of the horizontal and vertical
grips. Tightening of the collars to a torque of 60 Nm to prevent movement of the apparatus
in the vertical plane.
Figure 6.2. Marking with red pen at the outer radius of the
metal strip in order to track travel.
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6.4 Testing Process
The experiments are run in the following way. The vertical actuator provides a prescribed
restraining force for the strip, while the horizontal actuator, attached to a sliding table, moves at a
specified velocity to drive the drawing process.
The capacity of the horizontal actuator dictates the width of the specimen, which is taken
to be b = 10 mm. This width is sufficient to generate a plane strain state on the die radius for a
relatively narrow specimen, because the tension and compression zones on the die radius prevent
lateral expansion (or contraction) of the specimen. Outside the contact with the die, the state of
stress is uniaxial. The yield stress of TK TRIP 780 steel is a, = 452 MPa. The corresponding
tensile force at yield in the strip is P = oatb = 7.151 kN. This value serves as a reference for
designing the test series.
The prebent specimen is inserted into the hole of shear web, and fixed into place by
wrapping it around the die. The horizontal actuator is taken to its rightmost position (i.e., x = -50
mm), while the vertical actuator is brought to its lowermost position (y=-50 mm). In this way,
once the pretension is applied, the vertical actuator can achieve maximum travel as it moves
upward, and likewise, the horizontal actuator moves leftward toward its maximum position at
+50 mm. The metal strip is positioned in the center of each of the grips before it is fastened by
standard socket cap screws. This ensures that no moment is imposed on the metal strip as it is
being pulled over the die. The screws are tightened by a torque wrench so that any slippage
during the actual test is inhibited.
The tests are performed thus: for each of the four die radii considered (R = 2, 3, 4, and 5
mm), the test is run at a fraction of the pretension level P . This force level is maintained for a
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short increment of displacement (10-15 mm, as long as displacement exceeds one-fourth the die
circumference), and then increased in increments of 5% until fracture transpires. Once the level
of pretension at which fracture occurs has been determined, the test is repeated at this constant
magnitude of pretension all the way to fracture. Frictionless conditions are recreated using five
layers of Teflon film with copper lubricant sandwiched in-between. The test records the
relationship between the reaction force and the horizontal displacement imposed by the sliding
table. The last point on this graph indicates fracture. In addition, the distance from the fracture
point to the aforementioned reference point is measured. The fracture specimen is photographed
and the fracture surface examined in detail.
6.5 Data Acquisition and Processing
The data is stored by data acquisition software called DAX, which records time, position and
load information for each actuator. Because each actuator has a travel of ±50 mm, and because
absolute displacement rather than position is of interest, the first position entry is zeroed and
every subsequent position entry is measured relative to it. Then load-displacement curves for the
position-controlled actuator (i.e., the horizontal) are generated using Excel. A line exhibiting the
constant pretension force imposed by the vertical actuator is superposed on this graph.
Bai and Wierzbicki derived a closed-form solution for the steady-state drawing process
which takes the form:
2MP = + Te '  (6.1),
R
where P is the total horizontal force as the actuator imposed, T is the vertical pretension, R is the
die radius, - is the angle of wrap, p is the frictional coefficient, and Mo is the fully plastic
2
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bending moment, dependent on the hardening model and the amount of pretension. If a
kinematic linear hardening model is adopted, then the expression is (derived from [1])
bt 2
Mo = 0 (6.2),
4
which for b=10 mm, t=1.58 mm, and cy = 452 MPa, the fully plastic bending moment
isM o = 2824 N -m.
Finally, a theoretical prediction of the force, which assumes the frictionless condition,
can be obtained from Eq. 6.2, assuming p = 0:
2M0
Pheo =2 +T (6.3).R
Chapter 7
Theoretical Analysis
This section of the thesis consists of four interrelated parts. First, an attempt is made to predict
the onset of fracture following analytical derivations presented by Bai and Wierzbicki [1]. This is
followed by a detailed description of three types of testing schemes: (i) incremental loading, (ii)
constant pretension, and (iii) loading and reverse loading. The geometry and loading conditions
in the tests will serve as input data into a comprehensive numerical analysis of the problem.
Finally, analytical, experimental, and numerical results will be compared in the last section.
7.1 Theoretical Prediction of the Onset of Fracture
A starting point in the approximate description of the fracture process is the damage
accumulation rule postulated and validated in a number of earlier publications of ICL [2,8,10]:
Sde
f (, )=1 (7.1).
A material point on a metal strip travelling over the die radius is subjected to a complex loading
history. It is important to note that the loading history depends on the position of the material
point with respect to the middle surface of the metal strip. It is convenient to label the upper
surface of the sheet, which would be in contact with the punch, as the "punch side" to be denoted
by the subscript "p", for example, .,. This is not to be confused with superscript "p", which
normally indicates the plastic part of the strain tensor. Here, elastic deformations are disregarded
and all strains are understood to be plastic strains. Likewise, the lower surface sheet, which
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makes contact with the die, will be referred to as the "die side" and will have a corresponding
strain ed .
It would appear that a strip cut from a thin sheet will always be under the plane stress
conditions defined by 3 = 0, where 3 is the component of principal stress in the thickness
direction. This is true everywhere in the strip, except at the interface between the strip and die
radius. Here, a large through-thickness stress develops, which is of the same order of magnitude
as the main longitudinal stress component u, . Therefore, the magnitude of the stress triaxiality 7
- R
will depend on the radius-to-thickness ratio R = - and can be calculated from the plasticity
t
equation assuming the von Mises yield condition:
(7.2),
where u-, u2 , and u3 are the principal stresses. It is further assumed that the strip is in the
condition of plane strain in the transverse direction, 2 = 0. Then from the associated flow rule,
2 F , which implies that o 2 = o( 1 + o 3 ). The tensile stress o in the longitudinal
a0-2  2
direction is O7 = T . At the same time, the through-thickness compressive stress can be estimated
tb
by 3 = _ T _ -~ . Therefore, the components of the stress tensor at the material point
Rb tb R R
that is entering the die radius and subjected to compression are
( - 2 2 3 3 2
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(7.3).
The stress triaxiality is defined as 7 = ' ,
a"
where a.m = al + 2+ a 3
3
Substituting the
magnitudes of the components of the stress tensor into the definition of q yields
' ll
)7 =1 R
vF 1
(7.4).
The plot of the function is shown in Fig. 7.1 by a solid blue line. Equation 7.4 has two
- 1-
asymptotes. For -+0 oo, = , while for R = 1, = -oo.
77
- ------------ .............
0 2 3 4 5 A 7.. . ,8 9 1
Figure 7.1. For either tension or compression, the stress triaxiality can be uniquely
determined for a known value of R.
-a,
2R
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Similarly, at the material point that is leaving the die radius, the longitudinal stress
a, (and likewise transverse stress a 2 ) is positive, while the through-thickness contact stress
0c3 remains negative. The modified components of the stress tensor are thus
01
-=- £ 1+7 (7.5),2 R
1
R
which leads to the following expression for stress triaxiality:
1
1 R (7.6).23 j34 R 2R 2
The above function is depicted in Fig. 7.1 by a dotted pink line. The function has a positive
1
asymptote at q2 = for large values ofR. It can be concluded that the stress triaxiality on the
strip/die interface can be uniquely determined as a function of the known dimensionless die
radius. At the same time, the contact stress on the punch side of the strip is zero, and therefore
the state of stress is indeed plane. The resulting stress triaxiality assumes here an asymptotic
1 1
value of for the material point entering the radius or - for leaving the radius. In either
case, the stress triaxiality can be uniquely determined for a known R. In reality, the area of the
concentrated plastic deformation is not confined to a single point but rather to a certain area
around the tangency point between the strip and die. It is difficult or almost impossible to
determine experimentally if fracture occurred slightly before or after the tangency point.
Therefore, the stress triaxiality at fracture could be anywhere between the curves shown in Fig.
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7.1 and their corresponding asymptotic values. The finite element simulation with sufficiently
small mesh size could capture this phenomenon.
Depending on the magnitude of the restraining force and the die radius-to-thickness ratio,
several cases can be distinguished. In each of the deformation phases described below, the stress
triaxiality and therefore the corresponding equivalent strain to fracture (the denominator of Eq.
7.1) are constant.
1. The bending radius is so tight that fracture occurs during bending alone without any
pretension. It is possible to determine a corresponding critical value of R/t. Fracture
will always occur at the tensile side of the bent strip. The bending process of a thin
strip is a plane strain problem for which the stress triaxiality is constant and
1
q = on the punch side. For this case, Eq. 7.1 reduces to
= 1 (7.7).
ef (q = 0.577)
2. Fracture occurs on the die radius with the presence of some amount of pretension.
Without this pretension, there would be no fracture. Fracture contrarily occurs at the
compressive side of the bent strip because tensile strain of the middle surface is of the
same sign as that of the bending strain. The moderate amount of pretension is not able
to change the magnitude of the stress triaxiality as compared to Case 1 above. Again,
Eq. 7.7 applies here.
3. During the drawing operation over the die radius, a cross-section that has already
undergone bending is subjected to re-bending as it leaves the die radius. The material
point at the punch side first undergoes tension (q = 0.577) followed by compression
( = -0.577) and fracture occurs as a combination of accumulated damage during
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those two phases of active plastic deformation. Likewise, the die side of the strip will
undergo compression upon entering and tension upon leaving the radius. Therefore,
fracture may occur either at the punch or at the die side depending on an interplay of
various parameters. For the case where fracture first occurs on the punch side, there
will be two contributions resulting from Eq. 7.1:
C +  C 
,9
P + =1 (7.8),
ef (q = 0.577) £. (q = -0.577)
and similarly, when fracture occurs on the die side,
d + 6d =1 (7.9).
Because 1, is large negative stress triaxiality, the corresponding strain to fracture is
very high. Therefore, the first term in Eq. 7.9 will contribute little, if anything, to the
total damage accumulation and can be neglected.
4. For larger die radii, in addition to bending (and possibly re-bending), one has to
incorporate the strain resulting from tension. Here fracture occurs upon leaving the
die radius, similar to the fracture of a standard dogbone tensile coupon. The stress
triaxiality due to tension is initially q = 0.333 and then increases after diffuse and
localized necking. Eq. 7.1 now becomes
+ -+ tension =1 (7.10).
z (q = 0.577) 7 (q = -0.577) 7 (q = 0.333)
In the limiting case of large die radii, the contribution of bending is insignificant and
fracture is dictated purely by tensile forces:
8 tension =1 (7.11).
,f (q = 0.333)
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This corresponds to an asymptotic value of the tensile force which will be shown in
what follows. The terms in the denominators of Eqs. 7.1 and 7.7-7.11 can be
determined by the so-called fracture envelope. For TRIP 690, the fracture envelope
was determined experimentally by Bai and Wierzbicki, 2009; refer to Fig. 4.4. From
this graph, one can read off the magnitude of ductility corresponding to the three
different stress triaxialities (see Table 7.1).
Table 7.1. Material ductility corresponding to the typical stress triaxiality in FDR
apparatus taken from Bai and Wierzbicki [2].
.6, (rq) 0.415 0.750 1.023
The next task is to calculate the strain accumulated in each of the deformation phases
described above. A schematic of a bent strip is illustrated below.
(a) (b)
M 1 M 0
Figure 7.2. (a) Strip subjected to bending. Upper side experiences tension; lower side is
in compression. (b) Strip subjected to bending and tension.
7.1.1 Strain Calculation for Phase 1
In this work, a logarithmic definition of strain is consistently used:
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Ebend = In (7.12),
where lo is the length of the initial, undeformed fiber of the cross-section and I is the length of the
deformed fiber, which in general can be positioned anywhere with respect to the middle surface.
Consider the case of pure bending of a strip (Fig. 7.2a) and assume that the neutral axis (axis
where strains are zero) is positioned at the center of the cross-section. Therefore, from the
geometrical construction, the initial arc length is 10 =R + 2 dO. The arc lengths of the
outermost fiber (on the punch side) and the innermost fiber (on the die side) are expressed
respectively as /p = (R + t)dO and 1d = RdO. Therefore,
+ =In R+t(7.13),p R,-+ t)(.1)
e = In R (7.14).
In the case of pure bending, fracture will occur on the tensile side. Substituting Eq. 7.13 into Eq.
7.7 gives the magnitude of the critical bending radius Rcrt at which fracture occurs
In R+ t
2 Ri+n I2 =1,
,67 (rq = 0.577)
2
where the coefficient is introduced to convert the uniaxial strain into equivalent strain to
failure. It is convenient to normalize the radius R with respect to the specimen thickness t so
-R
that R = -, then these equations become
t
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'C = In -+ (7.15),P R+ I
2
ep = ln._ (7.16).
Finally, the critical bending radius to thickness ratio Rcrit becomes1 11 .13 L 1
-exp i ( = 0.577) -1
Scrit (7.17).
1-exp 2 .f (7 = 0.577)
Substituting the values from Table 7.1, one obtains R, = 0.656, which corresponds to Rcrit=l1.04
mm. This means that bending alone without any tension a strip over a die radius less than or
equal to Rerit will produce fracture at the outer surface. This value provides a vertical asymptote
on the plot of T vs. R.
There is also a horizontal asymptote on the same graph when fracture is produced by
tension alone without any bending. This critical load can be easily measured from tests but
cannot be calculated through simple analytic means without recourse to numerical simulations.
The fracture envelope provides the magnitude of the equivalent strain to fracture along a path of
1
constant stress triaxiality. The triaxiality in the tension of a strip is known and equal to q = -
3
prior to necking. There is a gradual departure from that value from the point of diffuse necking,
and this departure is further accelerated when a localized neck appears. Therefore, there is no
unique value of stress triaxiality and the associated equivalent plastic strain in the loading
process. The equivalent stress corresponding to a given equivalent strain can be found from the
power hardening law, O = AT" . After necking, the stress distribution in the cross-section of the
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specimen becomes non-uniform and therefore, the total force should be evaluated as an integral
of stress, T = J.(x, y)dS, where dS is a surface element of the cross-section. Because the stress
S
is non-uniform across the width of the cross-section and also varies in the loading process, there
is no way to analytically calculate the total tensile force and in particular the force corresponding
to fracture. In the present thesis, the critical force to fracture with no bending is found
experimentally and is denoted by Terit (and Tit), which is now the horizontal asymptote on the
T vs. R plot.
7.1.2 Partial Conclusions
The critical radius-to-thickness ratio was calculated, below which fracture would occur during
bending alone, without any tensile load. This critical dimensionless radius was found to be equal
to Rcrit = 0.656 for the particular material considered. The general equation for a material
characterized by any hardening curve is given by Eq. 7.17.
For very large die radii, fracture is due solely to tension. This process involves formation
of a diffuse as well as local neck and therefore, cannot be predicted analytically. The tension and
normalized tension to cause fracture at the sidewall outside the die radius can be easily found and
was so experimentally. An approximate way to take into account diffuse and localized necking
through area reduction coefficient 4 will be presented in the following section. Having analyzed
the two limiting cases of very small and very large die radii, the combined effects of bending and
tension can now be considered.
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7.2 Determination of Strain at the Die Side of the Strip
In the small-strain theory of plates and shells, the distribution of strains across the thickness of a
structure is linear and according to the Love-Kirchhoff assumption:
8 =. + zc (7.18)
1
where c is the strain of the middle plane, K = - is the curvature, and z is the position of the
R
material point with respect to the middle plane. The position of the neutral axis is defined by
the condition of the vanishing strain so that = - . In the present problem of deep-drawingK
operations, the strains are very large and consequently, logarithmic rather than engineering
measures of the strain should be used. An extension of the elastic theory of beam bending with
tensile force to the case of large plastic deformations and work-hardening was worked out in Bai
and Wierzbicki [1]. In the remainder of this section, we will closely follow the derivation
presented in Ref. [1].
7.3 Determination of Strain on the Die Radius
The ultimate goal of this section is to develop a theory for real work-hardening material.
Consider an arc length of a strip of thickness t which is bent tightly over a die of radius R. Under
pure bending conditions, the neutral axis is located at the center of the cross section.
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Shift of neutral axis
R+t
(a) ()hi
Figure 7.3. Bent strip and concomitant shift of neutral axis.
When a tensile force is applied to the bent section of sheet, there is a shift of the neutral
axis with respect to the middle surface of the plate by a distance . The arc length of the new
neutral axis is thus 10 = R+ -n dc. The arc length of material fiber position at an arbitrary
distance z is = (R - z + -) do, where z is measured from the inner radius upward (see Fig.
7.2(b)). The arc lengths of the inner (die) and outer (punch) radii are Id = RdAO
and 1,p = (R + t)do, respectively. Therefore, the longitudinal strain at any position z across the
thickness of the strip is given by
=In -
lo 0
= In R-+
R + I-
(7.19).
In particular the maximum strain is at the outer fiber of the strip, on the punch side, and can be
t
obtained from Eq. 7.19 by setting z = -- to obtain
2
Scp+ = In R+
SR- +'2
(7.20).
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t
Likewise, the compressive strain on the die side of the strip, located at z = -, is2
e'd -= In R (7.21).R-+ +t
Equations 7.20 and 7.21 will be used to calculate fracture initiation on the die radius under
combined action of bending and tension according to Eqs. 7.8-7.11.
7.3.1 Determination of the Shift of the Neutral Axis
For a work-hardening material, the shift ( of the neutral axis is a nonlinear function of the tensile
force T. The relationship between T and ( will be derived in this subsection. Two cases should
be distinguished here. For the bending-dominated processes (Case I: small ), the neutral axis is
located within the profile of the strip, whereas for tension-dominated processes (Case II: large T),
the neutral axis will lie outside the strip. Those two situations are shown in Figs. 7.4 and 7.5,
together with their corresponding stress distributions.
_I C.+  0-(Z
2
6-
Figure 7.4. Stress and strain distribution in the strip in the bending-dominated scenario,tt
Case I. 0 <("<-. 2Figure 7.4. Stress and strain distribution in the strip in the bending-dominated scenario,Case 1. 0 <4;<-.2
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Ic'(Z) 0-(Z)
t- - - - - - - - -
-- - -- - - -- - - -- - - - -- - - - -- - - - - - -- -
2
Figure 7.5. Stress and strain distribution in the strip in the tension-dominated scenario,
tCase II. > -.
2
It is seen that the stress distribution in Case II is always positive (i.e., tensile) and the calculation
tt
Case I. >-
2
distribution of strain over the thickness of the strip is given by Eq. 7.11. Because of the presence
of the logarithmic function in this equation, the integration of strains raised to a fractional power
cannot be easily expressed in terms of elementary functions. In order to overcome this difficulty,
the logarithmic definition of the strain is expanded in power series around z=O. Retaining only
the first two terms of this expansion, the result is
R = + I z7In 2 (7.23).
(R- +t) R+ 2
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The first term in the above expression can be further simplified by a two-term Taylor series
expansion around = I to give
In + 2 ln +- (7.24).
The complete expression for strain becomes then
R+1
R+ R
Sz
R R+1
(7.25).
Along the punch side,
(z 2 5
or after normalization:
+( = )
-V'+ z 2 -
R+ '
= In + ++ 2
R R R+12
= In 1(I 1) 12-+ _2R 2R+1
where a dimensionless shift of neutral axis = - can be defined.
2
For large values of R, the
strain becomes
+ _
2R
Introducing Eq. 7.28 along with the power law into Eq. 7.22 yields
+R( A  n+1 n+1T = n+ 
_2_R (n +1)
(7.28).
(7.29).
Using the definition of dimensionless shift, Eq. 7.29 takes the simpler form
S= 2M n+ 1) ( (7.3
2 (n + 1) R
where
f () = ( + 1)n+ - (- 1)n] (7.3
(7.26),
(7.27),
0),
1).
SR+-
c (z, I)= 2n2
(R- +2
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A plot of the function in Eq. 7.23 along with its simple power law approximation gives
f(f) = 2.54" m  (7.32),
with m = 0.273. It is noted that the value of exponent m is almost identical to the power exponent
of TRIP 690. Therefore, for simplicity, it will be further assumed thatm n = 0.2655.
01
0 5 10 15
Figure 7.6. Eq. 7.31 can be fit with great accuracy by a power law function.
The form of Eq. 7.31 suggests that the range of applicability of Case II is >1 because a
negative number cannot be raised to a fractional power.
The final expression for tension is now
T =+ b tA) (2.5 -m) (7.33).
2"n* (n+ 1) R
We can normalize the pretension T+ by dividing Eq. 7.33 by the tensile force corresponding to
the first yield, To = aoboto , to obtain
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- bt A 1 (2.5 -m) (7.34).
bot o o 2 + (n+1) R
btIntroducing 4 = , which is always less than unity, we have
boto
-
A 1 (t )
T = 1 (2.5 ) (7.35).
o-0 2"* (n + ) R
As discussed in the preceding section, it is not possible to determine analytically the reduction of
the cross-section. The function 4' can be found through detailed numerical simulation or in an
approximate manner through a consideration of area reduction and average tensile strain. In the
subsequent analysis, a parametric study will be performed by taking several values of the
coefficient 4' and determining its effect on the prediction of the present theory.
Instead of repeating a similar procedure for Case I, it is easier to extrapolate the power
function given by Eq. 7.31 and shown in Fig. 7.6 into the bending-dominated region. This is
shown in Fig. 7.6 by a dashed line. In conclusion, the relationship between the normalized tensile
force and the die radius R given by Eq. 7.35 applies now to the entire range of position of neutral
axis (combined Cases I and II).
The previous analysis where the bending strain on the punch and die sides of a strip were
calculated in the presence of tension should give rather accurate predictions of strain. The
expression for normalized strain on the punch side is given by the geometry of the die/strip
assembly as well as the magnitude of the shift of the neutral axis. In the next step, the shift could
be captured by the normalized pretension according to Eq. 7.35. The resulting expression could
be solved for the critical value of pretension T as a function of the dimensionless radius. In the
forthcoming analysis, only tensile strain (the first term in Eq. 7.8) will be considered because the
contribution of reverse strain due to unbending will be comparatively small.
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Consider first the linearized equation Eq. 7.28 and eliminate between Eqs. 7.35 and
7.28 to give an expression for the normalized tensile force in terms of normalized punch radius R,
the maximum tensile strain ', and the scaling factor :
o-° 2"+' (n + 1) R ( 2.5(2R+ - 1 ))
Taking the material constants for TRIP 690 steel, the expression for the normalized tensile force
becomes
= 2 c32 k' 2 -T = 2.32(
R
(7.37).
The last step is to relate the longitudinal (tensile) components of the strain tensor to the
equivalent strain to fracture, which is provided by the fracture envelope. The definition of the
equivalent strain to fracture is
8 = V7 1- ( 2 )2 v(2 32 +(3 )2]
Assuming that the state of strain on the die radius is plane (C2 = 0) and using plastic
incompressibility conditions [83 = -(ej + c2) = -2, ], the relationship between the equivalent
strain and the principal components e, = + is
2 (7.39).
Therefore, the final relationship between T and R at the point of fracture, -= s-, is
T = 2.321(f f
R
(7.36).
(7.38).
(7.40),
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where 'f is a function of stress triaxiality q. The equivalent strain to fracture under plane strain
1
conditions (q = ) is Tf = 0.415. The plot of Eq. 7.40 for several values of the scaling
parameter " is shown in Fig. 7.7 by solid lines.
2.5
0 2 4 R 6 8 10
Figure 7.7. Set of curves which separate the region of no-fracture from the region of
fracture on the (T,R) plane. Superposed on these curves are the experimental points
described in Chapter 8 (diamonds represent small radii, and circles, large radii).
It is seen that a qualitative agreement between the trend of experimental points and the analytical
prediction is very good for relatively large values of R. At the same time, the accuracy of a
linear approximation of the expression for strain is not accurate for smaller values ofR.
Repeating the entire procedure explained above, where the logarithmic strain measure is used
rather than the engineering strain measure, leads to the following expression relating T and :
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1-2e 2
T=2.32" 1-e 2 - 2 (7.41).
2R
A plot of Eq. 7.41 is shown in Fig. 7.7 by a set of dashed lines. It can be seen that the values of
scaling factor 4 = 0.7 to 4 = 0.8 provide the best quantitative agreement for both Eqs. 7.40 and
7.41. As expected, the accuracy of the nonlinear definition of strain is better, as experimental
points corresponding to the two smallest points of the dimensionless radius parameter are well
predicted by Eq. 7.41. At the same time, the linear equation predicts more correctly the
normalized value of pretension for higher magnitudes of R. It can be concluded that the
relatively simple prediction of the fracture on the die radius, considering only the tensile bending
strain and neglecting compressive strains due to re-bending, has produced very meaningful and
realistic results. It is important to note that the present closed-form solution agrees qualitatively
with the experimentally-found relationship between the restraining stress (which is proportional
to the dimensionless pretension T ) and R, determined experimentally by Shih and Shih [5] for a
number of steel grades, as shown in Fig. 3.5.
The magnitude of the scaling factor ( = 0.7 is very feasible in view of the simple analysis
which is presented below. The average axial strain in the flat metal strip is defined as
n =l bt = In(() (7.42).
(boto
Thus, at the point of fracture where el = -2 , the scaling factor is calculated to be2fI
exactly 4 = 0.7. This is only an estimation because in the neck, the strain distribution is not
uniform, and Eq. 7.42 represents an approximate value of the axial strain.
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Results of the Test Program and Correlation with Theory
Forty tests have been performed on the 10-mm-wide TRIP 690 steel strips, according to the
procedure described in Chapter 6. A photograph of all fractured specimens is shown in Fig. 8.1.
The results of all tests are summarized in Tables 8.1 and 8.2. For a compendium of the force-
displacement curves for all the experimental tests, please refer to the appendix.
Figure 8.1. Photograph of all fractured specimens in the testing program.
8.1 Bending-Dominated Fracture
Data for the so-called bending-dominated type of tests are included in Table 8.1. According to
the classification scheme introduced in Chapter 7, bending-dominated fracture occurs when the
position of the neutral axis is inside the profile of the strip. This happens for the dimensionless
radius R = 2.76, which corresponds to the physical die radius R=4.36 mm. Therefore, tests
corresponding to the die radii R=2 mm, R=3 mm, and R=4 mm, are referred to as small radii
tests, and the results are captured by Table 8.1.
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Table 8.1. Results for bending-dominated fracture (small radii).
Velocity Normalized
Test Radius mm [mm/min Pretension [%] Lubricant? Fracture?
70, 75, 80, 85, 90, 95,
3 2 15 100 no yes
6 2 15 95 one layer of Teflon yes
8 2 15 95 wt
three layers of Tfolded ipe oto
.......... 1. 9. wlm cotper lubricant 4 )es >
....... ay . .. n lp o " ...... "'%% W4ers of Teflon s ipped ut of10 2 15 95 with coperlubrica t es
five layers of Teflon
five layers of Teflon
12 2 15 95 with copper lubricant yes
slipped out of14 3 15 100, 105, 110 no horizontal grip
five layers of Teflon slp to18 3 15 115 with copper lubricant hin g20 415915 120 nlpingi
sharp and induced
21 4 15 115, 120, 125 no shear at draw beadfive layers of Teflon
23 4 15 125 with copper lubricant yes14 3 15 1015, 10 no horizonta grip
216 3 15 1110, 15 no sheara srwbafive layers of Teflon
18 3 15 115 with copper lubricantye
A representative measured load-displacement curve of a specimen being drawn over a 2-mm die
radius is presented in Fig. 8.2. The test was performed at an initial pretension of 0.7 relative to
the yield tension, and once steady-state had been achieved, the force was increased in an
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increment of 5% (this is the light blue line in Fig. 8.2). This was repeated until fracture ensued,
in this case, just at the yield tension. The theoretical horizontal drawing force P, which exceeds
the vertical pretension force, is given by Eqs. 6.1 and 6.2. The green line in Fig. 8.2 is a
theoretical prediction resulting from Eq. 6.2. The dark blue line in the same figure indicates the
measured horizontal force. It is seen that simple theory derived in [ 1 ] gives quite a good
approximation to the actual physical problem. For completeness, the reference yield force is
shown by the pink line.
10 20 30 40 50 60 70
Horizontal Displacement [mm]
Figure 8.2. Horizontal
mm/min.
and vertical load-displacement curves for 2-mm die radius, v=15
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Once the pretension required for strip fracture had been found in this multi-incremental test, an
identical specimen was loaded under that critical value of pretension until it fractured; see Fig.
8.3. Note that the scale of the displacement in Figs. 8.2 and 8.3 differs, since the plot in Fig. 8.3
is a magnification of the last stage in Fig. 8.2. The resulting load-displacement curve features a
transient phase, and fracture occurs when the slope of the curve is still positive. This was
anticipated, because the experiment was driven by the displacement boundary conditions, and
therefore fracture occurred under increasing load.
12 .
10 0
8
6.7
4
2-
0
0 2 4 6 8 10 12 14
Horizontal Displacement [mm]
Figure 8.3. Horizontal and vertical load-displacement curves for 2-mm
v=15 mm/min, Teflon film and copper lubricant.
18 kN I
94 kN (95%)
- Experimental Force
-Theoretical Force
Vertical Pretension
-Yield Tension
16
die radius,
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The color code of the respective lines in Fig. 8.3 adheres to that presented in Fig. 8.2.
Qualitatively similar results were obtained for other combinations of die radii, and a summary of
displacement to fracture and force at fracture for six representative specimens is given in Table
8.2.
Table 8.2. Measured force and displacement at fracture for six representative specimens
exhibiting small radii.
Test Radius Displacement to Force at fracture
Number [mml fracture [mm] [kN1
12
15
19
20
23
2 15.96
91 70
4 23.40
9.50
90 9
10.28
A typical photograph of the broken specimen still fastened by the grips and subsequently
removed for detailed examination of the fracture surface is shown below.
- Slant fracture
Figure 8.4. Because of spring back, the two parts of the fractured specimen are
separated.
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Specimens that fail on the die radius always develop slant fracture with a broken surface inclined
at approximately 450, which is illustrated in Fig. 8.5. This type of failure is well-approximated
by the assumption of plane strain with little or no visible deformation in the transverse direction.
Figure 8.5. Slant fracture develops when the metal strip breaks
while still in contact with the die radius.
Figure 8.6. Fracture along the sidewall in the horizontal leg of the metal strip,
far from the radius.
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8.2 Tension-Dominated Fracture
The remaining tests corresponding to the die radii R=5 mm and R= 10 mm exhibit tension-
dominated fracture and are incorporated in Table 8.3.
Table 8.3. Results for tension-dominated fracture (large radii).
Velocity Normalized
Test Radius mm mm/min] Pretension % | Lubricant? Fracture?
25 5 15 125, 130, 135 no yes
~Y
five layers of Teflon
27 5 15 135 wit copper lubricant no
five layers of Teflon
29 5 15 135 wit copper lubricant ye
32 10 15 150, 155 no yes
.. . .......  .. Wf M-
34 10 15 150, 155 no yes
The same testing procedure as described in Section 8.2, involving incremental loading and
subsequent constant loading once fracture pretension is determined, applies to the tests in this
category as well.
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12 n N10.784 
kN ---
10-10.0kN
89399.296 kN ((12530%)
7.151 kN
6
4
Experimental Force
2 Theoretical Force
Vertical Pretension
- Yield Tension
0
10 15 20 25 30
Horizontal Displacement [mm]
35 40 45
Figure 8.7. Horizontal and vertical load-displacement curves for 5-mm die radius,
v=15 mm/min.
12
10.784 kN
10 9.654 kN (135%)
8-
7.151 kN
Z
0u.LL
4
- Experimental Force
- Theoretical Force
. Vertical Pretension
-Yield Tension
0
0 5 10 15 20 25 30 35 40
Horizontal Displacement [mm]
Figure 8.8. Horizontal and vertical load-displacement curves for 5-mm die radius,
v=15 mm/min, Teflon film and copper lubricant.
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A summary of displacement to fracture and force at fracture details of representative tests
exemplifying the tension-dominated fracture classification is shown in Table 8.4.
Table 8.4. Measured force and displacement at fracture for four representative specimens
exhibiting large radii.
Test Radius Displacement to Force at fracture
Number mm fracture mm] [kN
<~"'5& F.7 ... 0 36
28 5 36.75 10.47
34 10 32.79 10.75
The coordinates of fracture points summarized in Tables 8.2 and 8.4 were plotted in Fig. 7.6 by
black diamonds and circles, respectively. The number of test points in Fig. 7.6 is smaller than the
number of entries in the tables because several points overlap one another.
8.3 Fracture Due to Multiple Reverse Loadings
The underlying hypothesis of the MIT fracture model is that fracture is due to the accumulated
and suitably normalized incremental plastic strain. This is expressed by Eq. 7.1. The drawing
tests on the die radius present a perfect opportunity to study the effect of loading history. Such a
history is introduced through a number of drawing cycles by reversing the sequence of loading
and boundary conditions. In the first cycle, the vertical actuator imposes a constant pretension,
while the horizontal actuator is assigned a constant velocity. After approximately 17 mm of
travel, which represents a quarter of the circumference of the die of radius R= 10 mm, the test is
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stopped. Then the horizontal actuator assumes a constant loading level, while the vertical
actuator pulls the strip with the same prescribed velocity as before. Depending on the chosen
amount of pretension, the cycles are repeated until fracture occurs. A total of six tests were
performed in this manner (see Table 8.5).
Table 8.5. Results for tension-dominated fracture (large radii) due to multiple reverse
loadings. Displacements for each leg of loading are 17 mm.
Radius Velocity Normalized No. of
Test mm mm/min Pretension % cles Model Lubricant? Fracture?
36 10 15 150 4 ball e45 ..."  . ."'1 7 yesMounted no36 10 15 150 4 ball bearings yes
Solid cube no
1 in 1 10f 3 block ves
sona cutbe
3 1 block1 40 1 10 1 15 1 150 yes Ino
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Finite Element Simulation
In order to check the accuracy of the global and local analytical solutions, finite element (FE)
simulations of the drawing process were performed. Two FE models were constructed. First, the
model with plane strain elements was developed, and then a full 3D model was built. Then a
comparison between the predictions of these two models was made. Note that the contents of this
chapter were adopted from the work of Bai and Wierzbicki [1], whose report served as an
impetus for the present thesis.
9.1 FE Simulation with Plane Strain Elements
It is assumed that the strip is under plane strain condition in a drawing process, so plane strain
elements are used. As mentioned earlier, the justification of this model comes from the fact that
compressive and tensile strains on both sides of the neutral axis arising from Poisson's effect
prevent lateral strain from developing even for a relatively narrow strip. Therefore, the plane
strain formulation is appropriate.
A sketch of the FE model is shown in Fig. 9.1. Due to symmetry, only a half model is
developed. The left hand side of the strip is subjected to a constant stress of pretension T,
T
= . The punch is subjected to a prescribed downward displacement, u. The classical J2o bto
plasticity model is used. For the purpose of the numerical simulation, a hypothetical material was
considered, defined by the Young's modulus, E = 210 GPa, yield stress, a, = 600 MPa, and
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linear strain hardening with the tangent modulus, E, = 600 MPa. This illustrative example was
performed before material data for TRIP 690 were acquired.
There are eight plane strain elements through the thickness of the strip which results in an
edge length of approximately 0.2 mm. The total numbers of elements is 3200. The punch and die
are defined as analytical rigid bodies, and the surface-to-surface contact option was used to
define the contract between the strip and the tools. The jobs were run in Abaqus/Explicit with
suitable mass scaling. Outputs of the simulation included the evolution of punch displacement,
punch force as well as time history of stress and strain components at each element of the
deforming strip.
Punch
- T
tb i
X RP
Die>I
Strip thickness to
Strip width b
Figure 9.1. Finite element model (using plane strain elements) of the drawing process.
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(a) Time= 0. 1 (b) Time= 0.35
(d) Time = 1.0(c) Time= 0.65
Figure 9.2. Four snapshots of the drawing process in the FE simulation. Plane strain
elements were used. The contour plot shows the distribution of equivalent plastic strain.
All calculations were run for the default values of the input parameters: t = 1.5 mm,
Rp = Rd = g = 5 mm, u=0, and T = 0.25. The correlation between both FE and analytical
solutions for the global response is remarkably good for all considered cases.
An example result with the pre-tension T = 0.25 is shown in Fig. 9.2. The contour plot
shows the distribution of equivalent plastic strain. From the strain distribution around the radii, it
is seen that the there is a shift of the neutral plane during bending constrained by tension. It is
seen that the strip conforms to the cylindrical shape of the die and punch, and the portion inside
the gap is almost straight. A similar deformation pattern was reported by Mohr in his
experimental and numerical study on the draw bending of a thin sandwich strip [6]. This
observation supports the assumption made in defining the analytical model.
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9.2 FE Simulation with 3D Solid Elements
In order to check the validity of the plane strain assumption for a long strip with a finite width, a
3D solid element model is developed. As mentioned before, the plane strain assumption is
justified on the punch and die radii. However, the relatively narrow sidewalls are subjected to a
uniaxial state of stress for which there is a lateral contraction. Therefore, it is important to check
if the width assumed in the analysis is wide enough, so that plane strain would prevail even in
the sidewall.
Due to symmetry, a quarter model with two symmetric planes is used. The thickness of
the strip is, as before, t = 1.5 mm, and there are eight 3D solid elements through the strip
thickness. The width of the strip is taken to be b = 30mm. All the boundary and loading
conditions are the same as in the plane strain model except for free edges that are stress-free. A
3D view of the deformed strip is shown in Fig. 19. The load-displacement curves of the plane
strain model are almost identical, as evidenced in Fig. 20.
PREQ
(Avg: 75%)
+1.499e-01
+1. 374e-01
1.249e-01
+1.124e -01
+9.994e-02
+8.745e-02
+7.496e-024+6.246e-02
+4.997e-02
+3.748e-02
+2.499e-02
+1.249e-02
+0. 000e+00
Figure 9.3. Result of FE simulation (using 3D solid elements) of the drawing process. The
contour plot shows the distribution of equivalent plastic strain.
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0.0 0.5 1.0 1.5 2.0 2.5
Normalized punch displacement 3
Figure 9.4. A comparison of the force-displacement curves between the element models
for plane strain and 3D solid.
9.3 FE Simulation with Fracture
In order to demonstrate the effect of the combination of various parameters on fracture initiation
including the location of the crack in the deforming strip, an example of a fracture envelope
determined earlier at ICL was used. Three general fracture models currently exist in our lab. The
Xue-Wierzbicki fracture model is symmetric with respect to the normalized third deviatoric
stress invariant, and it is coupled with damage plasticity [7, 8]. This model involves six
parameters. The fracture model by Bai and Wierzbicki [9] uses uncoupled formulation between
plasticity and fracture and does not assume symmetry with respect to the Lode angle parameter.
It also involves six parameters. The number of material fracture parameters reduces to four under
the assumption of symmetry. For the purpose of the present industry application, the Mohr-
Coulomb (M-C) fracture model with only two free parameters seems to be most appropriate. The
application of the M-C criterion to ductile fracture was first demonstrated by Bai [10] and Bai
and Wierzbicki [2].
The M-C criterion postulates that fracture initiates when the combination of shear stress
-Plane strain element modE
- - - 3D solid element model
I
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and normal stress on the fracture plane reaches a critical value:
( + c0, ) = c2 (9.1).
This equation can be transformed to the space of stress invariants. Assuming the von-Mises
yield condition and no pressure and Lode angle dependence on plasticity, Eq. 9.1 takes the
following form:
-
1
Ef=c2 3 co 6 ) +3 sn6 (.)
A graphical representation of this equation is shown in Fig. 9.5, which is constructed taking
A = 1110 MPa, n = 0.15, c, = 0.0345, c2 = 531 MPa. In the present simulation, the special
fracture subroutine in Abaqus/Explicit developed at ICL for the Mohr-Coulomb fracture model
was used. Therefore, the procedure described in the paper would apply to all complex sheet
forming operations, and it accounts for a contribution of all components of stresses and strains on
fracture, including the contact pressure C33 = p between the strip and the
punch/die system. For the extension of this model to other yield functions (such as Tresca,
Hill, or Hosford, etc), the reader is referred to a separate report [2].
It should be mentioned that the stress state in a metal strip in plane strain condition is
uniquely described by two parameters: the stress triaxiality and the Lode angle parameter 0, [9].
The Lode angle parameter is always zero for plastic plane strain. The stress triaxiality
1 1is q = on the tensile side of the bent strip, r = -7 on the compressive side (without contact
1
pressure), and = - on the sidewall. In the numerical simulation, the general 3D fracture locus
3
is used, as mentioned above. For the purpose of an analytical solution, a constant equivalent
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fracture strain is used, equal to = 0.227. It should be noted that in real 3D deep drawing
operations, a complete fracture locus must be used.
Plane strain tension
1 _'-1
Figure 9.5. 3D geometric representation of Mohr-Coulomb fracture locus for a metal
material, which is used in the simulations discussed herein.
The default values of input parameters for the present fracture analysis are t = 1.5 mm,
Rp = Rd = g = 5 mm, p=0, and 7 = 0.25. Under those conditions, there is no fracture predicted
even for a large punch travel. From the parametric study of the local fracture analysis, the three
key parameters controlling fracture initiations are the amount of normalized pretension T, the
dimensionless punch radius R,
R R
= , and the dimensionless die radius Rd - . Depending
to to
on the combination of the above parameters, fracture will occur either at the die radius, the
sidewall, or at the punch radius. In the present illustrative examples, the combination of input
parameters causing fracture is given in Table 9.1.
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Table 9.1. A summary of results of simulations with fracture.
Normalized Normalized Normalized Normalized Normalized Fracture
Restraining die radius, Rd punch punch force punch location
tensile force, T radius, P at fracture, displacement
P at fracture, 5
11 -0.25 -5 W 1.5 N/A N/A No fracture
2 0.50 5/1.5 10/1.5 0.62 1.41 Sidewall
3Y 7 0os. . . /.. -i P~ o.44 0.68 PuWh radiu
4 0.75 5/1.5 10/1.5 0.40 0.63 Die radius
The load-displacement relations corresponding to the above four cases are shown in Fig. 9.6. The
last point on the three curves corresponds to the point of fracture. In the case of default
parameters, there is no fracture.
0.7
Q. 0.6 -- "
20.5
.4_ - . - Case No. Ic 0.4C.--- Case No. 2
0.3 1- -- Case No. 3
0 
----- Case No. 4
E 0.3-
0
0.0 0.5 1.0 1.5 2.0 2.5 3.0
Normalized punch displacement 5
Figure 9.6. Force-displacement curves for all four cases.
The final shapes of the strip right after the instance of fracture are presented in Figs. 9.7, 9.8, and
9.9 for the case of rupture along the sidewall, punch radius, and die radius, respectively. The
results of these simulations agree qualitatively with the experimental results reported by Shi [11].
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Figure 9.7. An example of FE simulation with fracture at the sidewall.
Figure 9.8. An example of FE simulation with fracture at the punch radius.
Figure 9.9. An example of FE simulation with fracture at the die radius.
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Conclusions
1.1 Summary of results
Combined theoretical, experimental, and numerical analyses are presented on fracture of strips
made of TK TRIP 690 when drawn over a specific die radius at a prescribed magnitude of
pretension at one end and constant drawing velocity at the other. The present study confirmed
previous results published in the literature [1,5] that the pretension needed to fracture a metal
strip increases with die radius and tends asymptotically to a constant value. What is new in the
present investigation, however, is that this relationship has been quantified for a particular steel
of interest for automotive applications. In addition, a method was outlined to predict fracture
through finite element simulations, which was lacking in the earlier treatment of a similar
problem.
1.2 Future work
While the current equipment has been ascertained to effectively perform the deep-drawing
operation of a steel specimen over dies of multiple radii, it has some limited measuring
capabilities. In the specimen preparation phase, for example, the metal strip is pre-bent using an
edge bender. While consistency is guaranteed using this technique, the radius to which the die is
bent cannot be specified. For this reason, upon initial loading and fastening in the FDR apparatus,
the specimen exhibits some slack prior to the application of pretension. As the force-controlled
actuator is ramped up to a prescribed tension, the slack disappears and the specimen fully
conforms to the die's curvature.
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Another possibility suggested by Wagoner is to control the drawing process
kinematically by imposing two unequal but similar velocities of the horizontal and vertical
actuators so that it is guaranteed the metal strip will roll over the die and effectively have a
positive horizontal displacement rather than moving upward vertically and fracturing before any
positive net horizontal travel is attained [12].
A second generation FDR apparatus, to be built at ICL, could potentially incorporate a
punch in order to fully characterize the deep drawing process, as presented analytically and
computationally by Bai and Wierzbicki [1]. As it stands, the current apparatus consists of only
the die. The description of numerical simulation presented in Chapter 9 refers to this new
modified apparatus. In the continuation of the current research, numerical calculations should be
performed for the present case of rolling over a die radius.
The two grips, which are designed to sandwich and fasten the steel strips so as to prevent
slip during the testing process, each involve screwing and tightening eight socket cap screw
heads. This is a painstaking process, often comprising the bulk of time used to setup the
apparatus before testing. Perhaps a pair of mechanical grips such as those acquired by US Steel's
labs could be utilized to streamline the preparation process and ensure a constant grip force from
test to test.
This thesis focused solely on the fracture of TK TRIP 690 steel specimens. A
comprehensive study might attempt to compare a variety of AHSS specimens, including DP, CP,
and martensitic grades.
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Appendix A
Detailed SolidWorks Drawings of Fracture Apparatus
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Appendix B
Compendium of plots for all experimental tests
The legend below applies to the following horizontal force-displacement curves.
-Experimental Force
-Theoretical Force
Vertical Pretension
- Yield Tension
Horizontal Force-Displacement Curve (2-10-09, No.2)
R=2 mm; v=15 mmlmin
No Fracture.
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Horizontal Force-Displacement Curve (2-10-09, No.3)
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Horizontal Force-Displacement Curves (2-11-09, No.5-8)
R=2 mm; v=15 mm/min
95%yield tension
All specimens fractured.
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Horizontal Force-Displacement Curve (2-17-09, No.13)
R=3 mm; v=15 mmlmin
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Fracture.
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Horizontal Force-Displacement Curve (2-18-09, No.16)
R = 3 mm; v = 15 mm/min
Fracture.
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Steel grips: shear fracture at the drawbeads in the horizontal grips.
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